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CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. § 1 1 9(e) to U.S. Provisional Patent 
Application Serial No. 60/274,419, "Optical Receiver Including a Linear Semiconductor Optical 
Amplifier," by Jeffrey D. Walker and James A. Witham, filed March 9, 2001 ; and U.S. 
Provisional Patent Application Serial No. 60/255,753, "Optical Devices including a 
Semiconductor Optical Amplifier," by Jeffrey D. Walker et al., filed Dec. 14, 2000. 

[0002] This application is a continuation-in-part of pending U.S. Patent Application Serial 
No. xx/xxxxxx , "Integrated Optical Device Including a Vertical Losing Semiconductor Optical 
Amplifier," by Jeffrey D. Walker et al., filed Dec. 11, 2001. 

[0003] The subject matter of all of the foregoing is incorporated herein by reference in 
their entirety. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
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[0004] This invention relates gemerally to semiconductor optical amplifiers. More 
particularly, it relates to vertically lasing semiconductor optical amplifiers (VLSOAs) used in 
combination with a photodetector to create an improved optical receiver. 

2. Description of the Related Art 

[0005] Fiber optic systems are used to transmit information at high speeds over large 
distances. At a high level, a typical optical system consists of an optical transmitter and an 
optical receiver with an optical fiber connecting the two. The optical transmitter converts an 
electrical signal into an optical signal and transmits the signal over the optical fiber. The optical 
receiver receives the optical signal firom the optical fiber and converts the signal back into an 
electrical signal. 

[0006] For current systems running at bit rates less than 10 billion bits per second (Gbps), a 
common design for tiie optical receiver is based on a PIN diode coupled to a transimpedance 
amplifier (TIA). The optical signal enters the PIN diode and creates electron-hole pairs inside 
the PIN diode. The electrons and holes accelerate to opposite ends of the PIN diode resulting m 
a flow of current that varies with tiie strength of tiie incoming optical signal. The electrical 
signal resulting fi-om this flow is then output to the TIA, where the signal is ampUfied and output 
to ftirther electronic circuitry. 

[0007] However, as bit rates increase above 10 Gbps, optical ampUfiers are desirable to 
pre-amplify the optical signal before it reaches the photodetector. In otiier words, it is difficult to 
produce a high sensitivity, high gain electronic amplifier capable of operating at these higher 
data rates. As a result, it becomes more desirable to provide amplification optically via an 
optical amplifier located before tiie detector rattier tiian electronically via an electronic amplifier 
located after the detector. This optical pre-amplification results in improved receiver sensitivity 
and a larger amphtude photocurrent at the photodetector. This larger photocurrent can tiien be 
ampUfied fiuther, or in some cases directly input into fiirther electronic circuitry. Pre- 
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amplification also increases the signal to noise performance of the overall system in certain types 
of detection systems. Optical amplifiers are also used to adjust the power of the incoming signal 
to match the operating region of the photodetector. For example, a typical power range is -3 to 
-14 dBm for common PIN diodes, -3 to -18 dBm for more expensive PIN diodes, and -9 to -24 
dBm for avalanche photodiodes (APDs). 

[0008] Fiber ampUfiers are one type of optical amplifier. Fiber amplifiers include a length 
of fiber which has been doped to form an active gain medium. Ions of rare-earth metals, such as 
erbium, are typically used as the dopant. The doped fiber is typically pumped by an optical 
pump at a wavelength which is preferentially absorbed by the ions but different fi-om the 
wavelength of the optical signal to be amplified. The pumping results in a population inversion 
of electronic carriers in the active medium. Then, as the optical signal propagates through the 
doped fiber, it is amphfied due to stimulated emission. 

[0009] One drawback of fiber amplifiers is that they typically only operate over a narrow 
wavelength range when multiple fiber ampHfiers are cascaded. This is especially problematic if 
the optical signal to be amplified covers a wide range of wavelengths, as would be the case if the 
entire bandwidth of the optical fiber is to be efficiently utiUzed. Another disadvantage of fiber 
ampUfiers is their transient response to channel drop-out in wavelength division multiplexing 
systems. Further problems with fiber amplifiers include slow switching speed, power 
inefficiency, difficulties in mass producing them, and their high cost which makes them 
prohibitively expensive for many appUcations. Another major drawback of fiber amplifiers is 
their inherently large size. 

[0010] Semiconductor optical ampUfiers (SOAs) are another type of optical ampUfier. 
SOAs contain a semiconductor active region and an electrical current typically is used to pump 
the electronic population in the active region. An optical signal propagating through the active 
region experiences gain due to stimulated emission. 
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[0011] Conventional SO As are non-lasing. One problem with non-lasing semiconductor 
optical amplifiers is that the gain depends on the amphtude of the optical signal. This problem is 
the result of gain saturation, in which there are insufficient carriers in the conduction band to 
provide the Ml amount of gain to higher power signals. As a result, a strong optical signal is 
amphfied less than a weak signal and strong portions of the optical signal are ampUfied less than 
weak portions. This results in distortion of the optical signal and the possibility of crosstalk 
between different optical signals propagating simultaneously through the system. This 
significantly limits the use of conventional SOAs, especially in optical systems operating at high 
speeds and in wavelength division multiplexed optical systems. Further, the non-linearity of the 
amplification in conventional SOAs leads to crosstalk between bits in high fi-equency time 
division multiplexed (TDM) systems (commonly referred to as intersymbol interference). Due 
to the TDM crosstalk, non-lasing SOAs are typically limited to output powers below 1 mW or bit 
rates well below 2.5 Gbps 

[0012] What is needed is an optical receiver, including an optical amplifier, that is small in 
size, mexpensive and can be used to detect time division multiplexed (TDM) and wavelength 
division multiplexed (WDM) optical signals at high bit rates, for example, bit rates greater than 
10 Gbps. 

SUMMARY OF THE INVENTION 

[0013] An improved optical receiver includes a vertically lasing semiconductor optical 
ampUfier (VLSOA) coupled, either directly or indirectly (including possibly intervening 
elements) to a photodetector. The VLSOA includes a semiconductor active region and a vertical 
laser cavity. An amplifying path traverses the semiconductor active region and the vertical laser 
cavity includes the semiconductor active region. Optical signals are amplified as they propagate 
along tiie ampUfying path. The laser cavity is pumped above a lasing threshold, thereby 

A 21153/05930/DOCS/J2064I6.2 



clamping the gain along the amplifying path to a substantially constant value. The amplified 
optical signal is detected by the photodetector, 

[0014] In one implementation, the VLSOA is coupled directly to the photodetector. In 
another implementation, the VLSOA is coupled to the photodetector by an optical fiber, optical 
waveguide, fi-ee space optics (e,g., a lens) or other passive element. In yet another 
implementation, there are more complex elements (e.g., splitters, filters, additional amplifiers, 
isolators) located between the VLSOA and photodetector. 

[00151 In one embodiment, the VLSOA is coupled to a plurality of photodetectors by a 
wavelength division demultiplexer. In this embodiment, wavelength division multiplexed 
(WDM) optical signals are amplified as they propagate through the VLSOA. The wavelength 
division demultiplexer splits the incoming WDM optical signals into a plurality of single 
wavelength optical signals. Each of these single wavelength optical signals is then detected by 
one of the plurality of photodetectors. In one variation, each photodetector is preceded by its 
own amplifier, which may be used to equalize the signals. 

[0016] In another aspect of the invention, the VLSOA and the photodetector are integrated 
onto a common substrate. In one implementation, the semiconductor active region of the 
VLSOA transitions into the active region of the photodetector. In one example, the VLSOA 
active region and the photodetector active region include the same p-i-n waveguide structure but 
have different electrical biases. The VLSOA section is forward biased to provide gain and the 
PIN photodetector section is reverse biased to collect photogenerated electron-hole pairs and 
thereby produce a photocurrent proportional to the received light. Altemately, the VLSOA 
active region and photodetector active region may be fabricated based on a common structure 
which is altered so that the VLSOA active region and photodetector active region have different 
transition energies. For example, the active region of the photodetector may be designed to have 
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lower transition energy than the active region of the VLSOA in order to increase absorption 
within the photodetector active region. 

[0017] The present invention is advantageous because the Unear gain characteristics of the 
VLSOA significantly reduce WDM and TDM crosstalk when ampUfying optical signals. As a 
result, the VLSOA can pre-amplify optical signals (including TDM and WDM optical signals) to 
improve receiver sensitivity, reduce the requirements and cost of electronic receiver circuitry 
and/or boost WDM signals prior to demultiplexing. The present invention is also advantageous 
because the integration of VLSOAs with a photodetector on a common substrate supports the 
building of integrated optical receivers and other optical circuits. This, in turn, will accelerate 
the adoption and development of optical technologies. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a block diagram of a VLSOA in combination with a photodetector and a 
microprocessor. 

[001 9] FIG. 2 is a block diagram of a VLSOA in combination with a wavelength division 
demultiplexer and a plurality of photodetectors. 

[0020] FIGS. 3A-C are a perspective view, transverse cross-sectional view, and a 
longitudinal cross-sectional view of one embodiment of a vertically lasing semiconductor optical 
ampUfier (VLSOA) 500. 

[0021] FIG. 4 is a simpUfied longitudinal cross-sectional view of an example integrated 
optical receiver 600 which includes a VLSOA 500 coupled directly a photodetector 620. 
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[0022] FIG. 5 is a simplified longitudinal cross-sectional view of an example integrated 
optical receiver 700 which includes a VLSOA 500 coupled to a waveguide 720 coupled to a 
photodetector 620. 

[0023] FIG. 6 is a simplified perspective view of another implementation of an optical 
receiver. 

[0024] FIG. 7 is a simplified perspective view of another implementation of an optical 
receiver. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0025] FIGS. 1 and 2 are block diagrams of example optical receivers in which a VLSOA 
is coupled to a photodetector, either directly or indirectly. Each of FIGS. 1 and 2 depicts a 
VLSOA in combination with some other optical element. In some embodiments, these 
combinations are implemented as combinations of discrete devices, which may be also packaged 
separately or which may be combined into a single package. For example, in one embodiment of 
FIG. 1, the VLSOA 500 and photodetector 120 are separate discrete devices, and they are 
coupled together by optical fibers 130. In a preferred embodiment, the combinations shown in 
FIGS. 1 and 2 are implemented as integrated optics, in which multiple optical elements are 
integrated onto a common substrate. Applying this ^proach to FIG. 1, the VLSOA 500 and 
photodetector 120 are integrated onto a common substrate to make a single chip transmitter. The 
integrated and discrete approaches may be combined to form hybrid versions. For example, in 
FIG. 2, the VLSOA 500 and wavelength division demultiplexer (WDD) 220 may be integrated, 
the photodetectors 120 may be integrated as an array, and the two integrated combinations may 
then be coupled to each other via fibers, firee space optics or other means. 
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[0026] FIG. 1 is a block diagram of a VLSOA 500 coupled to a photodetector 120. In this 
particular example, the VLSOA 500 is coupled to photodetector 120 by an optical fiber 130. In 
this embodiment, photodetector 120 is coupled to a microprocessor 150 through electrical 
interconnects 140. VLSOA 500 receives an optical signal from another optical fiber 130 and 
amplifies the optical signal as it propagates through the active region of VLSOA 500. 
Photodetector 120 receives the amplified optical signal from VLSOA 500 and converts the 
optical signal to an electrical signal which is then processed by microprocessor 150. Examples 
of photodetector 120 include but are not limited to PIN photodetectors and avalanche 
photodiodes (APDs). In many applications, a narrow band filter is used in front of the 
photodetector to improve noise characteristics of the receiver (not shown). Microprocessor 150 
is merely representative of the electronic circuitry used to process the output of photodetector 
120. Many other types of electronic circuitry may be used in place of microprocessor 1 50, for 
example analog circuitry, digital circuitry, ASICs, or off-the-shelf chips. 

[0027] The use of VLSOA 500 as the amplifier has significant advantages over other types 
of optical ampHfiers. As mentioned previously, fiber amplifiers typically are large, expensive 
optical devices that cannot be integrated with a photodetector and conventional SOAs are limited 
in power output and speed (due to intersymbol interference). By contrast, VLSOA 500 is small, 
inexpensive and can be integrated on a common substrate with a photodetector. In addition, 
VLSOAs do not have the intersymbol interference problems that are inherent in non-lasing 
SOAs. This enables a single-chip receiver wilh increased sensitivity and low overall cost 
(including the corresponding electronics) in comparison to other alternatives, particularly at data 
rates above 10 Gbps. 

[0028] In another example, a control signal from microprocessor 150 is used to adjust the 
gain of VLSOA 500 in a feedback loop 170, in order to maintain an optimum average received 
power level at photodetector 120. This increases the dynamic range of the receiver and thereby 
allows the receiver to compensate for changes in loss within an optical network. Further, it 
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significantly reduces the dynamic range requirements of photodetector 120 and microprocessor 
150, enabling lower cost and improved performance in these components. Examples of 
VLSOAs 500 with adjustable gain and corresponding control techniques are described further in 
the following pending patent applications, which are incorporated herein by reference in their 
entirety: U.S. Patent Apphcation Serial No. 09/273,813, "Tunable-Gain Lasing Semiconductor 
Optical AmpUfier," filed March 22, 1999, by Jeffrey D. Walker et al.; U.S. Patent Application 
Serial No. 09/299,824, "Optical Signal Power Monitor and Regulator," filed April 26, 1999, by 
Sol P. Dijaih and Jeffrey D. Walker; and U.S. Patent Application Serial No. 09/967,859, 
"Multistage Tunable Gain Optical AmpUfier," filed Sept. 28, 2001, by Sol P. Dijaih and John M. 
Wachsman. 

[0029] FIG. 2 is a block diagram of an optical receiver 200 which uses wavelength division 
multiplexing (WDM). In this embodiment, VLSOA 500 is coupled to a plurality of 
photodetectors 120A-N by a wavelength division demultiplexer (WDD) 220. VLSOA 500 
amplifies the incoming WDM optical signal and passes the amplified signal to WDD 220. WDD 
220 splits the incoming signal into a plurality of optical signals 230A-N, each of a different 
wavelength. These single wavelength optical signals 230A-N are detected by their respective 
photodetectors 120A-N. This embodiment allows for simultaneous detection of multiple optical 
signals traveling on different wavelengths through the optical system, as is the case when 
wavelength division multiplexing is used in the optical system. In another embodiment, 
VLSOAs 500A-N (or even other types of ampUfiers) are placed between WDD 220 and 
photodetectors 120A-N. Positioning additional ampUfiers between WDD 220 and 
photodetectors 120A-N provides the fiarther advantage of equalizing the signal strength of the 
different channels prior to detection by photodetectors 120A-N. In another embodiment, a 
power splitter (mcluding both discrete fiber or integrated waveguide types) or other types of 
optical splitters are used in place of WDD 220 in FIG. 2. 
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[0030] In addition to the advantages discussed above with respect to FIG. 1 , VLSOA 500 
provides additional advantages in the embodiment described in FIG. 2. For example, there is a 
significant cost advantage at all data rates because a single VLSOA can be shared among many 
WDM channels. This is enabled by the VLSOA' s ability to support high output powers (>5mW) 
without introducing WDM or TDM crosstalk. Thus, in an 8 channel system, a single VLSOA 
500 can amplify each channel to an output power of 1 mW/channel at the input of WDD 220. 
This high per channel power allows for typical 5-10 dB loss within the WDD, improves receiver 
sensitivity, and enables the use of lower cost/performance photodetectors and electronics. By 
contrast, conventional non-lasing SOAs have such poor crosstalk performance and associated 
limited output power that they typically cannot be used in this type of application for all practical 
purposes. Thus, a non-lasing SOA could not be substituted for VLSOA 500. Without an 
ampUfier in front of WDD 220 to make up for losses, the optical signals are generally too weak 
to be detected by detectors 120A-N. In addition, non-lasing SOAs and fiber amplifiers (such as 
EDFAs) suffer from channel dropout. That is, there is a gain transient when WDM channels are 
added or dropped from the signal being ampUfied. This further limits then: use with WDM 
optical signals, especially when compared to VLSOA 500. 

[0031] In one embodiment, the combination of VLSOA 500 and photodetector 120 are 
implemented as discrete devices. For example, referring to FIG. 1, VLSOA 500 and 
photodetector 120 may be separate discrete components, which are coupled together by an 
optical fiber 130, with the entire combination contained m a single package. Alternatively, 
VLSOA 500 and photodetector 120 may be implemented as separate packages. Alternatively, 
the combinations may be implemented as integrated optics, in which the optical elements are 
integrated onto a common substrate. For example, VLSOA 500 and photodetector 120 may be 
integrated onto a common substrate using the techniques described herein. When integrated, 
VLSOA 500 and photodetector 120 may be directly coupled to each other, for example the active 
region of the VLSOA coupled directly to the active region of the detector. Alternately, they may 
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be coupled by integrated structures such as waveguides. The same is true for the optical receiver 
described in FIG. 2. In alternate embodiments, WDD 220, VLSOAs 500 and detectors 120A-N 
are separate discrete devices or alternatively could be integrated on a common substrate using the 
techniques described herein. 

[0032] FIGS. 3A-3C are a perspective view, transverse cross-section, and longitudinal 
cross-section, respectively, of one embodiment of VLSOA 500 according to the present 
invention, with FIG. 3B showing the most detail. 

[0033] Referring to FIG. 3B and working from bottom to top in the vertical direction (i.e., 
working away from the substrate 502), VLSOA 500 includes a bottom nurror 508, bottom 
cladding layer 505, active region 504, top cladding layer 507, confinement layer 519, and a top 
mirror 506. The bottom cladding layer 505, active region 504, top cladding layer 507, and 
confmement layer 5 19 are in electrical contact with each other and may be in dfrect physical 
contact as well. An optional delta doping layer 518 is located between the top cladding layer 507 
and confinement layer 519. The confinanent layer 519 includes a confinement structiire 509, 
which forms aperture 515. The VLSOA 500 also includes an electiical contact 510 located 
above the confmement structure 509, and a second electrical contact 5 1 1 formed on the bottom 
side of substrate 502. 

[0034] VLSOA 500 is a vertical lasuig semiconductor optical ampUfier since the laser 
cavity 540 is a vertical laser cavity. That is, it is oriented vertically with respect to the 
amplifying path 530 and substrate 502. The VLSOA 500 preferably is long in the longitudinal 
direction, allowing for a long ampUfymg path 530 and, therefore, more ampUfication. The entire 
VLSOA 500 is an integral structure formed on a single substirate 502 and may be integrated with 
other optical elements. In most cases, optical elements which are coupled dfrectly to VLSOA 
500 will be coupled to the amphfying path 530 within the VLSOA. Depending on the manner of 
integration, the optical input 512 and output 514 may not exist as a distinct stincture or facet but 
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may simply be the boundary between the VLSOA 500 and other optical elements. Furthermore, 
although this disclosure discusses the VLSOA 500 primarily as a single device, the teachings 
herein apply equally to arrays of devices. 

[0035] VLSOA 500 is a layered structure, allowing the VLSOA 500 to be fabricated using 
standard semiconductor fabrication techniques, preferably including organo-metallic vapor phase 
epitaxy (OMVPE) or organometallic chemical vapor deposition (OMCVD). Other common 
fabrication techniques include molecular beam epitaxy (MBE), Uquid phase epitaxy (LPE), 
photolithography, e-beam evaporation, sputter deposition, wet and dry etching, wafer bonding, 
ion implantation, wet oxidation, and rapid thermal annealing, among others. 

[0036] The optical signal amphfied by the VLSOA 500 is confined in the vertical direction 
by index differences between bottom cladding 505, active region 504, and top cladding 507, and 
, to a lesser extent by index differences between the substrate 502, bottom mirror 508, 
confinement layer 519, and top mirror 506. Specifically, active region 504 has the higher index 
and therefore acts as a waveguide core witii respect to cladding layers 505,507. The optical 
signal is confmed in the transverse direction by index differences between the confinement 
structure 509 and the resulting aperture 515. Specifically, aperture 515 has a higher index of 
refi-action than confmement structure 509. As a result, the mode of the optical signal to be 
amphfied is generally concentrated in dashed region 521. The amplifying path 530 is through 
the active region 504 in the direction in/out of the plane of the paper with respect to FIG. 3B. 

[0037] The choice of materials system will depend in part on the wavelength of tiie optical 
signal to be ampUfied, which in tiim will depend on the application. Wavelengths in the 
approximately 1.3-1.7 micron region are currently preferred for telecommunications 
apphcations, due to the spectral properties of optical fibers. The approximately 1.28-1.35 micron 
region is currently also preferred for data communications over suigle mode fiber, with the 
approximately 0.8-1 .1 micron region being an alternate wavelength region. The term "optical" is 
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meant to include all of these wavelength regions. In one embodiment, the VLSOA 500 is 
optimized for the 1.55 micron window. 

[0038] In one embodiment, the active region 504 mcludes a multiple quantum well (MQW) 
active region. MQW structures include several quantum wells and quantum wells have the 
advantage of enabling the formation of lasers with relatively low threshold currents. In alternate 
embodiments, the active region 504 may instead be based on a single quantum well or a double- 
heterostmcture active region. The active region 504 may be based on various materials systems, 
including for example InAlGaAs on InP substrates, InAlGaAs on GaAs, InGaAsP on InP, 
GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. Nitride material 
systems are also suitable. The materials for bottom and top cladding layers 505 and 507 will 
depend in part on the composition of active region 504. 

[0039] Examples of top and bottom mirrors 506 and 508 include Bragg reflectors and non- 
Bragg reflectors such as metalhc mirrors. Bottom mirror 508 in FIG. 3 is shown as a Bragg 
reflector. Top mirror 506 is depicted as a hybrid mirror, consisting of a Bragg reflector 5 1 7 
followed by a metallic mirror 513. Bragg reflectors may be fabricated using various materials 
systems, including for example, alternating layers of GaAs and AlAs, SiOi and Ti02, InAlGaAs 
and InAlAs, InGaAsP and InP, AlGaAsSb and AlAsSb or GaAs and AlGaAs. Gold is one 
material suitable for metallic mirrors. The electrical contacts 510, 511 are metals that form an 
ohmic contact with the semiconductor material. Commonly used metals include titanium, 
platinum, nickel, germanium, gold, palladium, and aluminum. 

[0040] In this embodiment, the laser cavity is electrically pumped by injecting a pump 
current via the electrical contacts 510, 51 1 into the active region 504. In particular, contact 510 
is a p-type contact to inject holes into active region 504, and contact 51 1 is an n-type contact to 
inject electrons into active region 504. Contact 510 is located above the semiconductor structure 
(i.e., above confinement layer 519 and the semiconductor part of Bragg reflector 517, if any) and 
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below the dielectric part of Bragg reflector 517, if any. For simpUcity, in FIG. 3, contact 5 10 is 
shown located between the confinement layer 519 and Bragg reflector 517, which would be the 
case if Bragg reflector 517 were entirely dielectric. VLSOA 500 may have a number of isolated 
electrical contacts 510 to allow for independent pumping within the amplifier. This is 
advantageous because VLSOA 500 is long in the longitudinal direction and independent 
pumping allows, for example, different voltages to be maintained at different points along the 
VLSOA. Alternately, the contacts 5 10 may be doped to have a finite resistance or may be 
separated by finite resistances, rather than electrically isolated. 

[0041] Confmement structure 509 is formed by wet oxidizing the confinement layer 519. 
The confinement structure 509 has a lower index of refi-action than aperture 515. Hence, the 
effective cross-sectional size of laser cavity 540 is determined in part by aperture 515. In other 
words, the confinement structure 509 provides lateral confinement of the optical mode of laser 
cavity 540. In this embodunent, the confinement structure 509 also has a lower conductivity 
than aperture 515. Thus, pump current injected through electrical contact 510 will be channeled 
through aperture 515, increasing the spatial overlap with optical signal 521. In other words, the 
confmement structure 509 also provides electrical confinement of the pump current. Other 
confmement techniques may also be used, including those based on ion implantation, unpurity 
induced disordering, ridge waveguides, buried tunnel junctions, and buried heterostructures. 

[0042] FIGS. 4 and 5 are block diagrams of example integrated optical receivers. The 
devices shown are simpUfied for clarity. The invention is not limited to these specific structures. 

[0043] FIG. 4 is a simplified longitudinal cross sectional view of an integrated optical 
receiver 600 which includes a VLSOA 500 coupled to a photodetector 620. Many designs for 
VLSOA 500 and photodetector 620 are appropriate, but in the following description, VLSOA 
500 is assumed to follow the design of FIG. 3B and photodetector 620 is assumed to be similarly 
constiiicted. As illustrated in FIG. 4, the layers of VLSOA 500 continue into photodetector 620. 
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In particular, substrate 502 transitions into substrate 602, bottom mirror 508 transitions to bottom 
mirror 608, bottom cladding layer 505 transitions into bottom cladding layer 605, active region 
504 transitions into active region 604 of the photodetector, top cladding layer 507 transitions into 
top cladding layer 607, and confinement structure 509 transitions into confinement structure 609. 
In addition, VLSOA 500 has a top mirror 506 and a metal contact 513 above top cladding layer 
507. By contrast photodetector 620 has a metal contact 613 above top cladding layer 607. 
Electrical isolation (in this example, isolation etch 621 which extends partway into the top 
cladding layer 507-607) is used to provide electrical isolation (or at least an increased resistance) 
between VLSOA 500 and photodetector 620. 

[0044] Some of these layers transition fi-om one element to the next because they perform 
analogous functions from element to element. The bottom cladding layers 505-605, active 
regions 504-604, and top cladding layers 507-607 are examples of this. Other layers are present 
in multiple elements because it is convenient from a fabrication standpoint. For example, bottom 
mirror 608 is not required for photodetector 620 but is present because it is simpler to fabricate 
the mirror than to not fabricate it. 

[0045] In one embodiment, photodetector 620 is a waveguide PIN photodetector, and 
substrate 502 is identical to substrate 602, bottom cladding layer 505 is identical to bottom 
cladding layer 605, active region 504 is identical to active region 604, top cladding layer 507 is 
identical to top cladding layer 607 and confinement structure 509 is identical to confinement 
structure 609. The subsfrate and bottom cladding layers are doped n-type, and the top cladding 
layers and top mirror are doped p-type. The VLSOA is forward biased to provide gain by 
applying a positive voltage (with respect to a substrate contact) to metal contact 513. The PIN 
photodetector is reverse biased to provide a photocurrent by applying a negative voltage (with 
respect to a substrate contact) to metal contact 613. 
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[0046] In one embodiment, the active region 504 and the active region 604 are fabricated 
by starting with a common structure for the two and then changing the "transition energy" in one 
of the two areas to achieve different properties. The term "transition energy" is used to mean the 
change in energy for the energy transitions which are relevant to a particular device. In many 
devices, the transition energy is determined by the bandgap energy of the bulk materials of the 
device. However, the transition energy can also be affected by other parameters as well. For 
example, in quantum wells, the quantum confinement energy also affects the transition energy. 
As a result, changing the width of quantum wells without changing the bulk material 
composition can result in changes in the transition energy. Semiconductor structures are 
transparent, mealing that they have much lower absorptions, for light with photon energies 
which are less than the transition energy for the structure. Transparent structures are important 
in devices such as waveguides, which simply pass an optical signal without absorbmg any of the 
optical signal. 

[0047] In one embodiment of photodetector 620, active region 604 is designed so that the 
transition energy is less than the photon energies of VLSOA active region 504. This is 
accomplished by altering the material composition and/or layer thickness of active region 604 in 
order to achieve a low transition energy in photodetector active region 604. The lower transition 
energy increases the absorption within the photodetector active region enablmg reduced 
wavelength sensitivity, shorter photodetector length and higher speed operation. 

[0048] FIG. 5 illustrates another embodiment of the invention. In this embodiment, a 
waveguide 720 is integrated between VLSOA 500 and photodetector 620. The waveguide 
region is designed to be transparent so that the waveguide does not affect the optical signal. 
Thus, the waveguide is designed to have a transition energy greater than the photon energies of 
the optical signals that will pass through the waveguide. In this embodiment, bottom cladding 
layers 505 and 705 are identical as are top cladding layers 507 and 707. However active region 
504 and core 704 are different. Core 704 is transparent at the wavelength of interest (or at least 
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absorption has somewhat been niininiized) whereas active region 504 is designed to support the 
ampUfication function of VLSOA 500. The core 704 and active region 504 are aligned in order 
to reduce the optical reflection at the interface of the two optical elements and also to increase 
the coupling efficiency between the two optical elements. In addition, no metal contact is 
required if the waveguide 720 is passive. Similar techniques can be used to integrate filters and 
WDDs, such as arrayed waveguide gratings. 

[0049] FIG. 6 and 7 are simpUfied perspective views of further examples of optical 
receivers. In these examples, the VLSOA 500 has the structure shown in FIG. 3 although not as 
much detail is shown in FIGS. 6 and 7 for purposes of clarity. In addition, the photodetectors 
820 and 920 are coupled to receive the optical ou^ut firom laser cavity 540 (see FIG. 3) of 
VLSOA 500, rather than the ampUfied optical signal. For clarity, the optical output from the 
laser cavity will be referred to as the ballast laser signal 825, 925. The ballast laser signal is 
generally inversely related to the incoming optical signal, this effect being strongest toward the 
output end of the VLSOA. In other words, the baUast laser signal decreases in strength when the 
incoming optical signal increases in strength. 

[0050] Using the ballast laser signal rather than the amplified optical signal has several 
advantages. For example, using the ballast laser signal naturally results in some filtering of 
noise, including ASE noise fi-om the amplifier. This natural filtering of the ASE noise firom the 
amplifier is both spatial (because the ballast laser signal is emitted in a direction perpendicular to 
the ASE noise) and spectral (because the laser cavity of the VLSOA is a high finesse cavity) and 
therefore acts as a filter that is "self-aligned" to the ballast laser signal. Another advantage is 
that the wavelength of the ballast laser signal does not vary with the wavelength of the incoming 
optical signal. This simphfies the design of the photodetector and related optics (e.g., filters). 
As a final example, there are some integration advantages as will be seen in FIG. 6. 
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[0051] In FIG. 6, a VLSOA 500, an optional optical filter 830 and detector 820 are 

vertically integrated on a common substrate. The VLSOA 500 outputs the ballast laser signal 
825 through its top surface 520. Some or all of this ballast laser signal 825 enters the optical 
filter 830. 

[0052] The optical filter 830 is implemented as a Fabry-Perot filter integrated directly 
above the top surface 520 of the VLSOA 500. The Fabry-Perot filter 830 includes two mirrors 
824 and 822 separated by an optical cavity 823. In this example, the mirrors 822 and 824 are 
InP/InGaAsP Bragg mirrors. The cavity 823 is formed fi-om typical materids such as InP, 
InGaAsP or InGaAs, and it typically has an optical path length which is an integer number of 
half wavelengths. Examples of other materials suitable for use in cavity 823, mirror 824 and 
mirror 822 include other semiconductor materials (e.g., InP/InGaAs, GaAs/AlGas, AlInGaAs, 
AIN, InGaAsN, GaN, Si, and amorphous-Si), dielectric materials (e.g., Si02, MgO and A1203) 
and polymer materials. The ballast laser signal 825 emitted through the VLSOA top surface 520 
enters the fu^t mirror 822 at a right angle to its surface. The light resonates within the cavity 
823, causing only the resonant wavelengths to add in phase. The length of the cavity 823 
determines the resonant wavelengths. The resonant wavelengths are transmitted through the 
second mirror 824 to the detector 820. 

[0053] The detector 820 is integrated directly above the Fabry-Perot filter 830. In the 
example of FIG. 6, the detector 820 is a PIN detector. From bottom to top, it includes a bottom 
cladding layer 840 which is either n or p doped, an undoped or intrinsic absorbing layer 845, and 
a top cladding layer 850 which has the opposite doping as the bottom cladding layer 840. 
Electrical contacts 842 and 852 are made to the bottom and top cladding layers 840 and 850, 
respectively. In the example shown in FIG. 6, the top and bottom cladding layers 840-850 are 
InP and the absorbing layer 845 is InGaAs. The filtered ballast laser signal is absorbed in the 
lower bandgap intrinsic layer 845 and electron-hole pairs are generated. The built-in field 
surrounding the p-i-n junction sweeps out the holes to the higher bandgap p-region and the 
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electrons to the higher band gap n-region and thus generates a current between the two electrical 
contacts 842, 852. The built-in field can be enhanced by reverse biasing the p-i-n junction. If 
tiie filter 830 is electrically conductive, the top electrical contact 510 to tiie VLSOA 500 (see 
FIG. 3B) and the bottom electrical contact 842 to the detector 820 may be implemented as a 
single contact. 

[0054] FIG. 7 is a perspective view of another implementation of an optical receiver, in 
which the VLSOA 500, optional optical filter 930 and detector 920 are discrete components. 
The ampUfier input and output of the VLSOA 500 are coupled to fiber pigtails 912 and 914. A 
lens 940 collects some or all of the ballast laser signal 925 generated by VLSOA 500 and 
deposits it onto the detector 920. An aperture 910 placed over the top surface 520 of VLSOA 
500 defines the extent of the ballast laser signal 925 which is collected by the lens 940. The 
optical filter 930 is located in the optical path between the VLSOA 500 and the detector 920. 
The discrete elements are held in position using conventional opto-mechanical packaging 
techniques. 

[0055] In FIGS. 6 and 7, the ballast laser signal firom VLSOA 500 is coupled to a 
photodetector 820,920. In other implementations, the lasing semiconductor optical amplifier is 
based on geometries other tiian vertical cavity. For example, the laser cavity can be oriented 
longitudinally with respect to (i.e., aligned with) the ampUfying path. Alternately, the laser 
cavity can be oriented transversely (or otherwise off-axis) with respect to the ampUfyuig path. In 
these geometries, the output of the laser cavity can also be coupled to a photodetector, resulting 
in some self-aligned filtering as described above with respect to VLSOAs. Conventional 
techniques, such as splitters, wavelength division demultiplexer, arrayed waveguide gratings, 
coupled waveguide filters, and polarization dependent filters, can be used to separate the ballast 
laser signal from the amplified optical signal if necessary (e.g., if they are propagating 
colinearly). 
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[0056] The integration of VLSOAs with a waveguide, photodetector or other optical 
elements may be implemented using other techniques also. For example, see also FIGS. 7-12 
and the accompanying text of U.S. Patent Apphcation Serial No. xx/xxxxxx , "Integrated Optical 
Device Including a Vertical Lasing Semiconductor Optical Amplifier/' by Jeffrey D. Walker et 
al., filed Dec. 1 1, 2001, which is incorporated herein by reference. In one approach, both the 
VLSOA and the other optical element are formed using a common fabrication process on a 
common substrate, but with at least one parameter varying between the VLSOA and the optical 
element. Selective area epitaxy (SAE) and impurity induced disordering (IID) are two 
fabrication processes which may be used in this manner. 

[0057] In one approach based on SAE, a nitride or oxide SAE mask is placed over selected 
areas of the substrate. Material is deposited on the masked subsfrate. The SAE mask results in a 
difference between the transition energy (e.g», the bandgap energy) of the material deposited on a 
first unmasked area of the substrate and the transition energy of the material deposited on a 
second unmasked area of the substrate. For example, the material deposited on the first 
unmasked area might form part of the active region of the VLSOA and the material deposited on 
the second unmasked area might form part of the core of a waveguide or active region of a 
photodetector, with the difference in transition energy accounting for the different optical 
properties of the active region and the core or photodetector. SAE is particularly advantageous 
because it results in a smooth interface between optical elements and therefore reduces optical 
scattering at this interface. This, in tum, reduces both parasitic lasing modes and gain ripple. 
Furthermore, the SAE approach can be confined to only the minimum number of layers 
necessary (e.g., only the active region), thus minimizing the impact on the rest of the integrated 
optical device. 

[0058] In a different approach based on IID, an IID mask is placed over selected areas of 
the substrate. The masked substrate is bombarded with impurities, such as silicon or zinc, and 
subsequently annealed to cause disordering and intermixing of the materials in the bombarded 
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region. The IID mask results in a difference between the transition energy of the material 
underlying a masked area of the substrate and the transition energy of the material underlying an 
unmasked area of the substrate. Continuing the previous example, the masked area might form 
part of the VLSOA active region and the unmasked area might form part of the core of a 
waveguide or active region of a photodetector, with the difference in transition energy again 
accounting for the different optical properties. 

[00591 In thie previous SAE and IID examples, the difference in transition energy results in 
different optical properties between the VLSOA active region and a waveguide core or 
C photodetector active region. Engineering the transition energy may also be used to fabricate 
2 many other types of integrated optical devices. For example, changing the transition energy 
!ji between two VLSOAs can be used to optimize each VLSOA for a different wavelength region, 
p In this way, the transition energy in a VLSOA could be graded in a controlled way to broaden, 

' flatten, and shape the gain profile. Alternately, two different elements, such as a VLSOA and a 

M= 

m laser source might require different transition energies for optimal performance. Other 

=p embodiments will be apparent to one skilled in the art. 

las? 

' [0060] In a different approach, the VLSOA and the optical element are formed on a 

common substrate but using different fabrication processes. In one example, a VLSOA is 
formed on the common substrate in part by depositing a first set of materials on the substrate. 
Next, the deposited material is removed firom selected areas of the substrate, for example by an 
etching process. A second set of materials is deposited in the selected areas to form in part the 
optical element. Etch and fill is one process which follows this approach. Continuing the 
VLSOA and waveguide example from above, materials are deposited to form the VLSOA (or at 
least a portion of the VLSOA). In the areas where the waveguide or photodetector is to be 
located, these materials are removed and additional materials are deposited to form the 
waveguide or photodetector (or at least a portion of it). This process has the advantage that it 
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allows independent optimization of the photodetector design for sensitivity, wavelength 
response, time response, and other properties. 

[0061] For example, the etch and fill process can be used to fabricate a VLSOA integrated 
with an avalanche photodiode (APD). In this embodiment, materials are deposited to form the 
VLSOA (or at least a portion of the VLSOA). In the area in which the APD is to be located, the 
materials are removed and additional materials which make up the APD are deposited in their 
place. 

[0062] In yet another approach, the VLSOA and the optical element are formed on separate 
substrates by separate fabrication processes and then integrated onto a common substrate. Planar 
Ughtwave circuitry and silicon optical bench are two examples of processes following this 
approach. In one example, the VLSOA is formed on a first InP substrate. An arrayed waveguide 
grating WDD is fonned on a second silicon substrate. The VLSOA and the WDD are then 
integrated onto a common substrate, which could be the first substrate, the second substrate or a 
completely different substrate The VLSOA and optical element may be butt coupled or coupled 
by a lens, fiber, or other optical element. The common substrate may include a ceramic 
submount or other rigid surface. 

[0063] The examples disclosed above are merely illustrative. Other optical receivers 
which take advantage of some or all of the VLSOA's advantages, including small size, 
possibility of integration, linear amplification, fast response time and good crosstalk performance 
(with both TDM and WDM optical signals), will be apparent. For example, VLSOAs and/or 
photodetectors with structures other than those shown in FIGS. 3-7 may be utilized. As another 
example, optical receivers which couple VLSOAs to photodetectors in architectures other than 
those shown in FIGS. 1-2 can also be reaUzed. As a final example, FIGS. 1-2 focus on the 
VLSOAs and photodetectors for clarity. However, optical receivers can include additional 
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optical elements, including optical filters, other types of optical amplifiers, optical taps, and 
optical splitters and combiners. 
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